Studies have suggested that there are beneficial effects of exercise in patients with Parkinson's disease, but the underlying molecular mechanisms responsible for these effects are poorly understood. Studies in rodent models provide a means to examine the effects of exercise on dopaminergic neurotransmission. Using intensive treadmill exercise, we determined changes in striatal dopamine in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned mouse. C57BL/6J mice were divided into four groups: (1) saline, (2) saline plus exercise, (3) MPTP, and (4) MPTP plus exercise. Exercise was started 5 d after MPTP lesioning and continued for 28 d. Treadmill running improved motor velocity in both exercise groups. All exercised animals also showed increased latency to fall (improved balance) using the accelerating rotarod compared with nonexercised mice. Using HPLC, we found no difference in striatal dopamine tissue levels between MPTP plus exercise compared with MPTP mice. There was an increase detected in saline plus exercise mice. Analyses using fast-scan cyclic voltammetry showed increased stimulus-evoked release and a decrease in decay of dopamine in the dorsal striatum of MPTP plus exercise mice only. Immunohistochemical staining analysis of striatal tyrosine hydroxylase and dopamine transporter proteins showed decreased expression in MPTP plus exercise mice compared with MPTP mice. There were no differences in mRNA transcript expression in midbrain dopaminergic neurons between these two groups. However, there was diminished transcript expression in saline plus exercise compared with saline mice. Our findings suggest that the benefits of treadmill exercise on motor performance may be accompanied by changes in dopaminergic neurotransmission that are different in the injured (MPTP-lesioned) compared with the noninjured (saline) nigrostriatal system.
Introduction
Recent studies from several laboratories including ours have shown that exercise can have a beneficial effect in patients with Parkinson's disease (PD) and in rodent models of PD (Comella et al., 1994; Tillerson et al., 2001 Tillerson et al., , 2003 Bezard et al., 2003; Fisher et al., 2004; Chen et al., 2005; Faherty et al., 2005) . In both the 6-hydroxydopamine (6-OHDA) lesioned rat and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) lesioned mouse, exercise initiated either before or during neurotoxicant exposure has been shown to be neuroprotective, as demonstrated by the attenuation of striatal dopamine loss. Our previous studies have shown that high-intensity treadmill exercise, initiated 5 d after administration of MPTP, a period when neurotoxicant-induced cell death is completed, can also lead to improved motor performance in the MPTP lesioned mouse (Jackson-Lewis et al., 1995; Fisher et al., 2004) . In addition, we found downregulation of the dopamine transporter (DAT), a protein important in regulating the uptake of dopamine, and upregulation of dopamine receptor D2, a receptor whose activation is important in eliciting motor behavior. Given the critical role of dopamine in motor learning and execution, and our interest in neuroplasticity of the injured basal ganglia, in this study we have examined the effects of exercise on other potential compensatory changes of the striatal dopaminergic system including total striatal dopamine levels and release. We further examined whether exercise-induced changes in proteins important in dopamine biosynthesis (tyrosine hydroxylase, TH) and uptake (DAT) may be accompanied by changes in their respective mRNA transcript expression within midbrain dopaminergic neurons and whether exercise leads to changes in the number of substantia nigra neurons.
For these studies, we used four groups of mice including (1) saline, (2) saline plus exercise, (3) MPTP, and (4) MPTP plus exercise. Intensive treadmill running was initiated 5 d after MPTP lesioning and continued for 28 d of running (5 d/week). Brain tissue was harvested from all four groups at the completion of exercise. Analysis included (1) measurement of striatal dopamine and its metabolites by HLPC and (2) striatal dopamine release using fast-scan cyclic voltammetry in slice cultures. Unbiased stereological counting of nigrostriatal dopaminergic neurons was used to determine any differences in cell numbers between groups. Our studies indicate that exercise may have a differential effect on the dopaminergic system in MPTP-versus salinetreated mice. In the MPTP-lesioned mice, exercise had an effect on dopamine release, which was region specific, but not in total striatal dopamine levels. In saline-treated mice, exercise increased total striatal dopamine levels without a significant effect on dopamine release. In addition, in our study, we determined that MPTP administration led to 50% cell loss, with no difference in substantia nigra cell numbers between MPTP and MPTP plus exercise mice. Downregulation of DAT and TH transcript expression was detected in saline plus exercise-treated mice only.
Materials and Methods
Animals. Mice used for these studies were young adult (8 -10 weeks old) male C57BL/6J mice supplied from The Jackson Laboratory (Bar Harbor, ME). There were four treatment groups including the following: (1) saline, (2) saline plus exercise, (3) MPTP, and (4) MPTP plus exercise. Animals were housed five to a cage and acclimated to a 12 h shift in light/dark cycle so that the exercise occurred during the animals normal wake period. All experiments were performed in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH publication 80-23, revised 1996) and approved by the University of Southern California Institutional Animal Care and Use Committee.
MPTP lesioning. MPTP (Sigma, St. Louis, MO) was administered in a series of four intraperitoneal injections of 20 mg/kg (free base) at 2 h intervals for a total administration of 80 mg/kg. This regimen leads to ϳ60% loss of nigrostriatal neurons, as determined by unbiased stereological techniques for both TH staining and Nissl substance and an 80 -90% depletion of striatal dopamine levels (Jackson- Lewis et al., 1995; Jakowec et al., 2004) . Nigrostriatal cell loss is complete by day 3 after MPTP administration as determined by counting remaining nigrostriatal TH immunoreactive cells and reduced silver staining for degenerating neurons (Jackson-Lewis et al., 1995; Jakowec et al., 2004) .
Treadmill exercise. One week before the start of the treadmill exercise paradigm, sixty mice that could maintain a forward position on the 45 cm treadmill belt for 5 min at 5.0 m/min were randomly assigned to the four groups to ensure that all animals performed similarly on the treadmill task before MPTP lesioning. The treadmill used in these studies was a model EXER-6M treadmill manufactured by Columbus Instruments (Columbus, OH). A non-noxious stimulus (metal-beaded curtain) was used as a tactile incentive to prevent animals from drifting back on the treadmill. As a result, shock-plate incentive was not used and stress related to the activity was minimized. Exercise was initiated 5 d after saline or MPTP lesioning when cell death is complete. Mice from each of the two exercise groups (saline plus exercise and MPTP plus exercise) were run at the same time in the six-lane treadmill. Exercise duration was incrementally increased starting with 30 min on day 1 to reach the goal duration of two sessions of 30 min each (for a total of 60 min), 5 d/week (with a 5 min warm-up period), for a total of 28 d of exercise (corresponding to a final of 42 d after MPTP lesioning). Treadmill speed and exercise duration for each group was increased when all mice within each group maintained a forward position on the treadmill belt for 75% of the running period. To control for any nonexercise effects of treadmill running (handling, novel environment, noise, and vibration), nonexercised groups were placed on the top of the treadmill apparatus for a time period equivalent to exercise training (Fukai et al., 2000; Kojda et al., 2001) .
Motor behavior analysis with the rotarod. An accelerating rotarod (fivelane accelerating rotarod; Ugo Basile, Comerio, Italy) was used to measure motor balance and coordination during the treadmill exercise period. The rotarod consisted of a rotating spindle (diameter, 3 cm) where mice were challenged for both speed and alternating rotational direction. Velocity of the rod was set to 30 rpm with changes in direction (forwardreverse) every 24 s. Each mouse was placed in a separate compartment on the rotating rod and the latency to fall was automatically recorded by magnetic trip plates. All groups of mice were tested once per week. The first week was recorded 3 d after starting the treadmill exercise. The test consisted of five consecutive trials each separated by 1 min, with a maximum cutoff latency of 200 s. Data were subsequently collected for each mouse once per week until completion of the exercise paradigm (corresponding to week 6).
Tissue collection. Brain tissue from all groups of mice was collected on the last day of exercise (day 28 of exercise corresponding to 42 d after MPTP lesioning). Striatal brain tissue was also collected from a subset of animals from each experimental group at 5 d of exercise (10 d postlesioning) to determine the degree of dopamine depletion at an earlier exercise and MPTP time point. Mice were killed by cervical dislocation for fresh tissues (for HPLC, fast-scan cyclic voltammetry, and in situ hybridization histochemistry) or by pentobarbital followed by transcardial perfusion with fixative (for immunohistochemistry and unbiased stereological counting). Striatal tissues for HPLC analysis were collected fresh en bloc corresponding to anatomical regions from bregma 1.20 to bregma 0.60, with borders dorsal to the anterior commissure, ventral to the corpus callosum, medial to the lateral ventricle, and 2.5 mm lateral from midline, and frozen until analysis. In situ hybridization histochemistry, fastscan voltammetry, and immunohistochemistry were performed on coronal sections corresponding to bregma 1.30 to bregma 0.00. In addition, to evaluate the initial degree of MPTP-mediated striatal dopamine depletion, brain tissue for HPLC analysis was collected at 10 d post-MPTP lesioning from a subset of nonexercise mice from both the saline and MPTP groups.
HPLC analysis of dopamine and its metabolites. Neurotransmitter concentrations were determined according to an adaptation of Irwin et al. (1992) from the method of Kilpatrick et al. (1986) . Tissues for analysis were homogenized in 0.4 N perchloric acid and centrifuged at 12,000 ϫ g to separate precipitated protein. The protein pellet was resuspended in 0.5 N NaOH and the total protein concentration determined using the Coomassie Plus protein assay system (Pierce, Rockford, IL) using a Biotek Model Elx800 microplate reader (Biotek Instruments Wincoski, VT) and KCjunior software. The concentrations of dopamine, 3,4-dihydroxyphenylacetic (DOPAC), and homovanillic acid (HVA) were assayed by HPLC with electrochemical detection. Samples were injected with an ESA (Chelmsford, MA) autosampler. Dopamine and its metabolites were separated by a 150 ϫ 3.2 mm reverse phase 3-m-diameter C-18 column (ESA) regulated at 28°C. The mobile phase MD-TM (ESA) consisted of acetylnitrile in phosphate buffer and an ion-pairing agent delivered at a rate of 0.6 ml/min. The electrochemical detector was an ESA model Coularray 5600A with a four-channel analytical cell with three set potentials at Ϫ100, 50, and 220 mV. The HPLC was integrated with a Dell GX-280 computer with analytical programs including ESA Coularray for Windows software and the statistics package InStat (GraphPad Software, San Diego, CA).
Measurement of dopamine release by fast-scan cyclic voltammetry in brain slices. Fast-scan cyclic voltammetry was used for the analysis of dopamine release from coronal, in vitro brain slices of the striatum (Patel and Rice, 2006) . Brains were removed and placed in cooled (1-4°C), modified, and oxygenated artificial CSF (aCSF) containing the following (in mM): 124 NaCl, 1.3 MgSO 4 , 3.0 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 2.4 CaCl 2 , 10.0 glucose, equilibrated with a 95% O 2 /5% CO 2 mixture to obtain a pH value of 7.3-7.4. In the modified aCSF, some sodium was replaced with sucrose to reduce tissue excitability during brain slice cutting (sucrose 124 mM, NaCl 62 mM) to maintain the osmotic balance of normal aCSF. Hemicoronal striatal slices were cut from the rostral end of the tissue at a thickness of 400 m with a Vibratome 1000 (Vibratome, St. Louis, MO). Slices were immediately placed in oxygenated aCSF and were slowly brought to room temperature (23°C). Slices remained in solution for 2 h before and throughout all recording sessions. Single slices were transferred to the recording chamber (Haas ramp style gas interface chamber) and bathed continuously with the oxygenated aCSF solution maintained at a temperature of 32°C. Disc carbon fiber microelectrodes (CFMEs) were made from 7 mm unsized carbon fiber (Goodfellow Corporation, Devon, PA) by electrophoretic anodic deposition of paint (Schulte and Chow, 1996) . Extracellular dopamine was monitored at the CFME every 100 ms by applying a triangular waveform (Ϫ0.4 to ϩ1.0 V vs Ag/AgCl, 300 V/s). Currents were recorded with a modified VA-10ϫ Voltammetric and Amperometric Amplifier (NPI Electronic, Tamm, Germany). Data acquisition was controlled by Clampex 7.0 software (Molecular Devices, Menlo Park, CA). Electrical stimulation was used to elicit dopamine efflux with a twisted, bipolar, nichrome electrode placed on the surface of the slice. Single pulses (0.1 ms, 200 A) were generated with a Master-8 pulse generator (AMPI, Jerusalem, Israel). Constant current of 200 A and 0.1 ms duration were obtained by using an A360R Constant Current Stimulus Isolator (World Precision Instruments, Sarasota, FL). Stimulus intervals between pulses were not Ͻ5 min. The CFMEs were inserted 75-100 m into the slice at a position 100 -200 m from the stimulating electrode pair (Miles et al., 2002) . Each slice was sampled for dopamine at five sites, which represented medial to lateral and dorsal to ventral dimensions. Three rostral slices were examined in each mouse and the values were averaged for each animal. Changes in extracellular dopamine were determined by monitoring the current over a 200 mV window at the peak oxidation potential for dopamine. Background-subtracted cyclic voltammograms were created by subtracting the current obtained before stimulation from the current obtained in the presence of dopamine. To convert oxidation current to dopamine concentration, electrodes were calibrated with dopamine standard solutions after experimental use. The mechanism of evoked dopamine release in our voltammetry experiments was tested in a set of brain slices by stimulating striatal tissue using the following sequence of solutions changes: control aCSF containing 2.4 mM Ca 2ϩ and 1.3 mM Mg 2ϩ followed by a reduced Ca 2ϩ aCSF solution containing 0.5 mM Ca 2ϩ and 3.2 mM Mg 2ϩ , followed by washout with the control aCSF solution and then ending in a control aCSF solution containing 1 M tetrototoxin (TTX).
The kinetics of the dopamine signal evoked by intrastriatal stimulation was studied by monitoring the cyclic voltammetry signal for 1 s before and 5 s after intrastriatal stimulation at a sampling rate of once every 100 ms (10 Hz). The decay of the dopamine signal was determined by normalizing postpeak dopamine measurements to the peak dopamine measured. The decay constant was then determined from a single exponential fit of the decay in dopamine signal according to the following equation: y ϭ Ae Ϫkt , where A is the peak dopamine signal at time 0 and the constant Ϫk is the decay rate for exponential decay of the dopamine signal. ANOVAs were performed between all groups for the decay rate constant (Ϫk) (Mosharov and Sulzer, 2005) .
Immunohistochemical staining. The relative expression of striatal TH immunoreactivity (TH-ir) and DAT immunoreactivity were determined in tissues sections using commercially available primary antibodies, including rabbit polyclonal anti-TH and mouse monoclonal anti-DAT (Millipore, Bedford, MA) using a validated approached to compare relative patterns of expression as described by Burke et al. (1990) . Primary antibody binding was visualized using fluorescently labeled secondary antibodies with AlexaFluor 680 or AlexaFluor 800 (Licor, Lincoln, NE). To ensure that differences in staining intensity were because of differences in antigen expression, multiple sections from each of the different treatment groups were handled in identical staining conditions concurrently. Control experiments excluding either primary antibody or secondary antibody were also performed to verify staining specificity. For image analysis, three or four animals per treatment group and 10 -12 sections per animal were captured at low magnification and digitized. The relative optical density (expressed as arbitrary units within the linear range of detection) of the dorsal lateral striatum was determined by subtracting the relative optical density of the corpus callosum as background.
Unbiased stereological counting of dopaminergic neurons. The number of nigrostriatal dopaminergic neurons in the substantia nigra pars compacta (SNpc) was determined using unbiased stereology with the computer-imaging program BioQuant Nova Prime (BioQuant Imaging, Nashville, TN) and an Olympus BX-50 microscope (Olympus Optical, Tokyo, Japan) equipped with a motorized stage and digital Retiga-cooled CCD camera (Q-Imaging, Burnaby, British Columbia, Canada). Brain tissue was prepared from three mice in each group. Tissue was sliced at 30 m thickness and every sixth section collected and stained for TH-ir using a rabbit polyclonal antibody (Millipore) and counterstained for Nissl substance Petzinger et al., 2005) . The SNpc was delineated from the rest of the brain based on TH-ir. Section collection started rostral to the substantia nigra at bregma Ϫ2.50 mm before the closure of the third ventricle through to the prominence of the pontine nuclei at bregma Ϫ4.24 mm according to the stereotaxic atlas of the mouse brain (Paxinos and Franklin, 2001) . Each stained ventral mesencephalon section was viewed at low magnification (10ϫ objective) and the SNpc outlined and delineated from the ventral tegmentalimmunoreactive neurons using the third nerve and cerebral peduncle as landmarks. Neurons were viewed at high magnification (80ϫ objective) and counted if they displayed TH-ir and had a clearly defined nucleus, cytoplasm, and nucleolus. The total number of SNpc dopaminergic neurons was determined based on the method of Gundersen and Jensen (1987) .
In situ hybridization histochemistry. Brains for in situ hybridization were quickly removed and frozen in isopentane on dry ice, and tissues were processed as described previously . Selected slides were dipped in NTB-2 (Kodak, Rochester, NY) photographic emulsion, developed in D-19 developer, and counter stained with cresyl violet. To minimize potential sources of variation between different experiments, slides that were to be compared were processed in the same experiment using identical hybridization buffers, probe concentration, probe preparation, wash regimen, and emulsion exposure. Images of midbrain cells were captured using an Olympus BX-51 microscope and the computerized image analysis program BioQuant (BioQuant Imaging). Emulsion grains were counted above individual neurons within the SNpc if they displayed a stained cytoplasm and evident nucleus.
Statistical analysis of data. Statistical analysis was performed using SPSS version 14.0 for Windows (SPSS, Chicago, IL) or InStat software (GraphPad Software). Differences in behavioral tests between groups were analyzed using repeated-measures ANOVA with the betweensubjects factors being lesion (saline or MPTP) and intervention (exercise or no exercise) and the within subject factor being time. For HPLC analysis, immunocytochemistry staining, and grain counting for in situ hybridization histochemistry, a two-way ANOVA was performed to compare the different groups and examine for significant interactions. Post hoc contrasts with Bonferroni correction were performed to determine the locus of any significant differences. The data from the studies of dopamine release using fast-scan cyclic voltammetry were analyzed using repeated-measures ANOVA with the between-subjects factors being lesion (saline or MPTP) and intervention (exercise or no exercise) and the within-subjects factor being electrode location (positions 1-5). Post hoc testing was performed in those cases where warranted. Within-subject effects were performed using the Huynh-Feldt correction for sphericity. For all analyses, a significance level of p Ͻ 0.05 was used.
Results
The time course of improvement in running velocity of both the saline plus exercise and MPTP plus exercise groups over the 28 d of treadmill running is shown in Figure 1 . Saline plus exercise mice at day 1 started at 13.3 m/min and the MPTP plus exercise mice at day 1 started at 7.6 m/min. In the first week of treadmill running, the saline group increased velocity to 14 Ϯ 1.4 m/min that further increased to 22.6 Ϯ 0.3 m/min by the final week. The MPTP plus exercise group had a running velocity that increased to 9.2 Ϯ 1.1 m/min during the first week that further increased to 20.5 Ϯ 0.7 m/min in the last week. As shown in our previous study, post hoc analysis demonstrated a significant difference in velocity at day 1 between the saline plus exercise and MPTP plus exercise groups and this difference was not significant at the completion of the treadmill running regimen (Fisher et al., 2004) . The running velocity of the MPTP nonexercise mice at the final day of treadmill exercise was similar to the velocity of the MPTP plus exercise group at day 1 of the exercise regimen (data not shown) (Fisher et al., 2004) .
As a second measure of motor performance, mice from all four groups were tested for their latency to fall from the accelerating rotarod (Fig. 2) . Because of the high degree of challenge of this task, mice from all groups initially performed poorly. We observed overtime, however, that there was a significant effect of exercise (treadmill running) on the mean latency to fall (in seconds) from the accelerating rotarod (F (3,44) ϭ 9.587; p Ͻ 0.0001). Both MPTP plus exercise and saline plus exercise mice performed better on the rotarod compared with the nonexercised groups. There was no significant effect of MPTP on mean latency to fall (F (3,44) ϭ 0.851; p ϭ 0.504) and no significant interaction between exercise and MPTP on mean latency to fall (F (3,44) ϭ 0.965; p ϭ 0.435).
HPLC analysis was used to determine levels of striatal dopamine, its metabolites HVA and DOPAC, and the metabolites turnover ratio, defined as follows: [(DOPAC ϩ HVA)/dopamine]. These data are shown in Table 1 and Figure 3 . First, in the 5 d exercise group, there was a significant effect of MPTP on dopamine levels (F (3,16) ϭ 39.52; p Ͻ 0.0001) and dopamine turnover (F (3,16) ϭ 88.30; p Ͻ 0.0001). MPTP induced dopamine depletion in the MPTP plus no exercise group (48.0 Ϯ 8.4 ng dopamine/mg protein) compared with saline plus no exercise group (269.5 Ϯ 24.9 ng dopamine/ng protein), which corresponded to 82% depletion. The MPTP induced dopamine depletion in the MPTP plus exercise group (4.9 Ϯ 0.2 ng dopamine/mg protein) compared with saline plus exercise group (285.1 Ϯ 30.3 ng dopamine/ng protein), which corresponded to 98% depletion. There were no significant differences in striatal dopamine levels between exercise and no exercise animals in either the MPTP-or saline-treated animals. However, there was a significant decrease in turnover ratio in the MPTP plus exercise compared with the MPTP plus no exercise groups only (F (3,16) 
HPLC analysis of striatal dopamine at the completion of the 28 d of treadmill running showed that there was a significant effect of MPTP on the degree of dopamine depletion (F (3,16) ϭ 229.3; p Ͻ 0.0001). MPTP induced dopamine depletion in the MPTP plus no exercise group (77.9 Ϯ 12.0 ng dopamine/mg protein) compared with saline plus no exercise group (246.9 Ϯ 19.8 ng dopamine/ng protein), which corresponded to 68% depletion. The MPTP induced dopamine depletion in the MPTP plus exercise group (69.8 Ϯ 11.7 ng dopamine/mg protein) compared with saline plus exercise group (315.2 Ϯ 9.0 ng dopamine/ng protein), which corresponded to 78% depletion. In addition, there was a significant interaction between lesioned state and exercise on striatal dopamine levels (F (3,16) ϭ 7.78; p ϭ 0.015). This interaction was because of a significant effect of exercise on the saline-treated group, in which saline plus exercise mice had a higher level of striatal dopamine compared with saline mice. There was no significant difference in striatal dopamine levels comparing MPTP plus exercise with MPTP plus no exercise mice. There were no significant effects of MPTP or exercise, or interaction between these two factors on turnover ratio, with ratios of 0.36 for MPTP, 0.34 for MPTP plus exercise, 0.26 for saline, and 0.34 for the saline plus exercise group. Dopamine release induced by intrastriatal stimulation was determined using fast-scan cyclic voltammetry at completion of the 28 d of treadmill running. Coronal slices at the level of midstriatum were sampled with electrodes placed at five sites, as illustrated in Figure 4 . For measurements in the contralateral striatum, a mirror-image placement was used. Measurements were made using four to six mice from each group and from four slices per mouse. For each animal, a single mean value was determined at each electrode location by averaging all data collected. Stimulation-induced dopamine release varied with the location of the electrode (F (3,20) ϭ 9.211; p Ͻ 0.001) in both saline and MPTP-treated mice. MPTP lesioning dramatically decreased stimulation-induced dopamine release compared with salinetreated mice (F (3,20) ϭ 26.450; p Ͻ 0.001). Exercise had a significant effect in the MPTP-lesioned mouse that was dependent on electrode location (F (3,20) 5 d per week) . The running velocity of the mice in each group (n ϭ 12) were determined three times per week and compared. The graph demonstrates that (1) MPTP-lesioned mice had a running velocity less than the saline group, where the asterisk indicates significant difference ( p Ͻ 0.05), and (2) both saline-and MPTP-lesioned groups improved in running velocity, and by the final 2 weeks, the difference between the two groups was not significant ( post hoc analysis; p Ͻ 0.05; t test). Error bars indicate SEM. Figure 2 . Analysis of behavior on rotarod mice from all groups were tested once a week for latency to fall from an accelerating rotarod (mean and SEM in seconds per week). There was a significant effect of exercise (treadmill running) on the mean latency to fall (in seconds) from theacceleratingrotarod,wheretheasteriskrepresentssignificantdifferncebetweentheexerciseand no exercise groups (F (3,44) ϭ 9.587; p Ͻ 0.0001). Both MPTP plus exercise and saline plus exercise mice performed better on the rotarod compared with the nonexercised groups. There was no significanteffectofMPTPonmeanlatencytofall(F (3,44) ϭ0.851;pϭ0.504)andnosignificantinteraction between exercise and MPTP on mean latency to fall (F (3,44) ϭ 0.965; p ϭ 0.435).
atum (there was an interaction of exercise with location). The mechanism of dopamine release induced by our intrastriatal stimulation was investigated by sequentially testing the evoked dopamine response in control aCSF (containing 2.4 mM Ca 2ϩ and 1.3 mM Mg 2ϩ ), reduced Ca 2ϩ aCSF (containing 0.5 mM Ca 2ϩ and 3.2 mM Mg 2ϩ ), and washout with normal aCSF followed by addition of aCSF containing 1 M TTX. The reduced Ca 2ϩ aCSF decreased the evoked dopamine response to 25.85 Ϯ 5.44% (n ϭ 3) of control, which returned to the control amplitude with washout by normal aCSF. Subsequent addition of TTX completely blocked the evoked dopamine release (n ϭ 3). The decay rate of the dopamine signal evoked by intrastriatal stimulation was also compared for site 4 between each of the groups (see Materials and Methods for determining decay rate constant, Ϫk). Site 4 was chosen, because this site showed the greatest exercise-induced difference for peak dopamine release in the MPTP-lesioned group. Exercise had an effect on the decay constant for the evoked dopamine signal (Ϫk). Post hoc analysis revealed a significant slowing in dopamine decay rate in the MPTP plus exercise group (n ϭ 11) compared with the MPTP alone group (n ϭ 7; p Ͻ 0.05; t test). A similar trend was seen between saline plus exercise group (n ϭ 11) and the saline only group (n ϭ 11; p ϭ 0.13).
As shown previously, there was a significant reduction in striatal DAT and TH protein expression in MPTP plus exercise mice compared with MPTP mice ( p Ͻ 0.05) (Fisher et al., 2004) . MPTP-treated mice were also shown to have a significant decrease in TH and DAT protein expression compared with salinetreated mice ( p Ͻ 0.001). No significant differences in TH and DAT protein were observed between saline plus exercise and saline mice. These data are shown in Figure 5 . To determine whether changes in protein level were accompanied by changes in the relative expression of either TH or DAT mRNA transcript in midbrain dopaminergic neurons, in situ hybridization histochemistry in conjunction with grain counting of emulsiondipped sections was used. Mice from all four groups were analyzed after the 28 d of exercise and these data are shown in Figure  6 . MPTP lesioning caused a significant decrease in the relative expression of TH and DAT transcript expression in midbrain dopaminergic neurons (F (3,12) ϭ 26.1, p Ͻ 0.001 and F (3,12) ϭ 37.29, p Ͻ 0.001, respectively). Exercise caused a significant decrease in TH and DAT mRNA transcript expression in salinetreated but not in MPTP-treated mice. Specifically, although exercise had no overall effect on TH transcript expression (F (3,12) ϭ 2.26; p ϭ 0.133), there was a significant interaction between exercise and MPTP lesioning (F (3,12) ϭ 51.7; p Ͻ 0.001). This interaction was because of a 28% reduction in TH mRNA expression in the saline plus exercise group compared with saline plus no exercise group. Exercise also caused a significant decrease in DAT transcript expression, (F (3,12) ϭ 73.2; p Ͻ 0.001), and there was a significant interaction between exercise and MPTP lesioning (F (3,12) ϭ 33.7; p Ͻ 0.001). This interaction was again because of a 43% reduction in DAT mRNA expression in the saline plus exercise group compared with the saline plus no exercise group.
As a measure of the integrity of the midbrain nigrostriatal dopaminergic neurons, we determined the number of TH-ir neu- The concentration of dopamine, DOPAC, and HVA and turnover ratio were analyzed in each experimental group (n ϭ 6 per group) at 5 d of exercise (corresponding to 10 d postlesioning) and also at 28 d of exercise (corresponding to 42 d postlesioning). The turnover ratio is defined as [(DOPAC ϩ HVA)/dopamine]. At day 5 of exercise, there was a significant effect of MPTP on dopamine and DOPAC levels and turnover ratio, compared with saline-treated animals (the asterisk represents significance at p Ͻ 0.0001). There was no significant effect of exercise on dopamine levels in either MPTP or saline-treated groups. Exercise at day 5 caused a significant decrease in turnover ratio and HVA levels in the MPTP plus exercise group compared with the MPTP plus no exercise group only (# represents significance at p Ͻ 0.02). At day 28 of exercise, there was a significant effect of MPTP on dopamine, DOPAC, and HVA levels, compared with saline-treated animals (the asterisk represents significance at p Ͻ 0.0001). There was a significant increase in straital dopamine levels in the saline plus exercise animals compared with the saline plus no exercise animals (ϩ represents significance at p ϭ 0.015), but there was no significant effect of exercise on dopamine levels in the MPTP-treated groups.
Figure 3. HPLC analysis of striatal dopamine levels and dopamine turnover. This figure shows data from Table 1 for striatal dopamine levels and turnover ratio at both 5 d of exercise (corresponding to 10 d postlesioning), and also at 28 d of exercise (corresponding to 42 d postlesioning). At day 5 of exercise, there was 82-98% depletion of dopamine in all MPTPtreated animals (exercise and no exercise) compared with their respective saline groups (asterisk represents significance at p Ͻ 0.0001). There were no significant differences in striatal dopamine levels between exercise and no exercise animals in either the MPTP-or saline-treated animals. Turnover ratio was significantly elevated in all MPTP-compared with saline-treated animals (asterisk represents significance at p Ͻ 0.0001). There was a significant decrease in turnover ratio in the MPTP plus exercise compared with the MPTP plus no exercise animals (hash mark represents significance at p Ͻ 0.02). At day 28 of exercise, there was Ͼ68 -78% depletion of striatal dopamine levels in all MPTP-treated animals (exercise and no exercise) compared with their respective saline groups (asterisk represents significance at p Ͻ 0.0001). There was a significant increase in striatal dopamine levels in saline plus exercise compared with saline plus no exercise groups only (cross represents significance at p ϭ 0.015). Exercise had no effect on turnover ratio. Error bars indicate SEM.
rons in the SNpc using unbiased stereological counting in mice from the saline, saline plus exercise, MPTP, and MPTP plus exercise groups (n ϭ 3 per group) (Fig. 7) . MPTP lesioning caused a significant decrease in the number of TH-ir SNpc neurons (F (3,8) ϭ 106.9; p Ͻ 0.001). However, exercise caused no significant effect on the number of TH-ir SNpc neurons (F (3,8) ϭ 0.022; p ϭ 0.885), and there was no significant interaction between exercise and MPTP on the number of THpositive neurons.
Discussion
As reported previously, intensive treadmill exercise leads to improvement of motor performance in MPTP-lesioned Fisher et al., 2004) and salinetreated mice (Fisher et al., 2004) . In the present study, we also demonstrate that intensive treadmill exercise leads to increased latency to fall (improved balance) on the accelerating rotarod. This finding suggests that intensive treadmill exercise may, through adaptive changes of the basal ganglia and motor circuitry, lead to improvement in related motor tasks (balance) in both MPTP and saline-treated animals. Our findings indicate, however, that the beneficial effects of exercise are accompanied by differential effects on the dopaminergic system that may be dependent on the presence or absence of nigrostriatal injury (lesioned versus unlesioned). Specifically, although intense exercise improved motor performance in both groups, using HPLC analysis, we observed that this functional benefit was accompanied by a significant increase in total striatal dopamine after 28 d of exercise in saline plus exercise compared with saline plus no exercise mice only. There were no significant differences in total striatal dopamine levels in MPTP mice, examined after either 5 or 28 d of treadmill running, compared with their corresponding no exercise groups. In addition, exercise had no effect on the time course of dopamine return in MPTPlesioned mice. Specifically, we observed a partial return of striatal dopamine in all MPTP-lesioned mice at day 28 compared with day 5, and this effect was observed to the same degree in exercise and no exercise mice, and in accordance with previous reports (Ricaurte et al., 1986; Bezard et al., 2000; Jakowec et al., 2004) . Although HPLC analysis of total tissue catecholamines is an excellent measure of the total dopamine pool, including synaptic, extra-synaptic, vesicular, and cytoplasmic, it may not be an accurate estimate of the amount of dopamine released with activity ( In contrast to total tissue HPLC analysis, using fast-scan cyclic voltammetry in striatal slices of mice exercised for 28 d, we observed an exercise-dependent increase in stimulus-evoked dopamine release in MPTP plus exercise compared with MPTP plus Figure 4 . Analysis of dopamine release using fast-scan cyclic voltammetry. The amount of dopamine release was determined at five regions within the striatum (at bregma level ϳ1.00 to bregma 0.80) including (1) mid-striatum, (2) dorsomedial, (3) dorsal, (4) dorsolateral, and (5) ventrolateral in representative mice from all four groups (see brain slice insert). A, Comparison of peak dopamine released by a single intrastriatal stimulus (200 A, 0.1 ms). Top, Data comparing saline and saline plus exercise mice. There was no significant difference in dopamine release in any region. Middle, Data comparing saline and MPTP groups. There was a significant decrease in dopamine release in MPTP mice and the asterisk represents significant difference compared with saline ( p Ͻ 0.001). Bottom, Data comparing MPTP and MPTP plus exercise mice. There was a significant increase in dopamine release in the MPTP plus exercise mice at dorsal sites 3 and 4 compared with MPTP mice, and the asterisk represents significant difference ( p Ͻ 0.05). B, Comparison of dopamine signal (peak and decay) evoked by intrastriatal stimulation. Top, A plot of average time to peak and decay in the dopamine signal at electrode position 4 for MPTP plus no exercise (n ϭ 7, filled circles) and MPTP plus exercise (n ϭ 11, open circles). The intrastriatal stimulus was delivered at the time indicated by the filled triangle (between 0 and 0.8 s). Data points are normalized to the peak-evoked dopamine signal. The middle panel illustrates the decay phase of the graph (shaded area), which was fit with a single exponential function. Best fit for the average data from MPTP plus no exercise mice (solid line) and MPTP plus exercise mice are shown (dotted line). The bottom panel illustrates the averages of the decay constant (k) obtained by the exponential fit of the decay phase for each recording and are shown for each group (mean Ϯ SEM). MPTP plus exercise mice had a significantly lower decay constant compared with MPTP plus no exercise mice ( p Ͻ 0.05; t test). A similar trend was seen in the saline plus exercise compared with the saline plus no exercise animals ( p ϭ 0.13; t test). Exc, Exercise. no exercise mice. Our results show that the stimulus-evoked dopamine release is vesicular, because it was decreased by reduced extracellular Ca 2ϩ and it was completely blocked by blockage of Na ϩ channels by TTX as reported previously (Cragg and Greenfield, 1997; Chen and Rice, 2001 ). This exercise-dependent effect was not seen in the saline plus exercise compared with saline plus no exercise mice. Interestingly, the exercise effect on stimulusevoked dopamine release in the MPTP plus exercise mouse was most pronounced within the dorsolateral striatum. A possible explanation for this exercise and regional specific effect may be because of use-dependent forms of synaptic plasticity. The high degree of engagement required from the dorsolateral striatum for forelimb and hindlimb movement during treadmill exercise is supported by studies demonstrating a selective increase in blood flow and metabolic activity within the dorsolateral striatum during treadmill exercise (Cospito and Kultas-Ilinsky, 1981; Ebrahimi et al., 1992; Brown and Sharp, 1995; Holschneider et al., 2003; Nguyen et al., 2004) .
Fast-scan cyclic voltammetry is a technique that allows for precise anatomical targeting and examination of evoked dopamine release at a number of distinct sites within the same brain slice during a single recording session, thus providing the ability to detect regional differences in dopamine release. Although an advantage of in vivo recording is the retention of intact afferent pathways, stimulation of the medial forebrain bundle (MFB) may be variable across these afferent fibers and lead to differences in dopamine release even within a hundred micrometers between striatal recording sites (Day et al., 1989) . Brain slices may not retain an intact nigrostriatal pathway but it does avoid variation in evoked release because the entire recording field is excited and provides a reasonable tool to investigate the way this neurotransmitter system responds (Patel and Rice, 2006) . In a set of control experiments, we verified that the release of dopamine was in fact mediated through an action potential by carrying out the fastscan cyclic voltammetry studies in the presence of the sodium channel blocker TTX.
In agreement with our study, compensatory changes in dopamine release have been reported after injury of the dopaminergic system using 6-OHDA lesioning and in patients with PD during motor exercise (Zhang et al., 1988; Garris et al., 1997; Ouchi et al., 2001) . In addition, a recent study from O'Dell et al. (2006) using 6-OHDA striatal lesioning in the rat, supports our findings that improvement in motor performance may not necessarily be accompanied by changes in total striatal dopamine levels after exercise. Specifically, this group reported exercise-enhanced return of motor behavior without the return of striatal dopamine levels to the prelesioning baseline (O'Dell et al., 2006) . Our studies and those reported by O'Dell et al. (2006) are in contrast to others that show partial return of striatal dopamine in neurotoxicantlesioned rodent models undergoing exercise . One possible explanation for this discrepancy may be because of differences in the MPTP-lesioning regimen and exercise paradigm. In our study, we used an MPTP-lesioning schedule that resulted in a moderate degree of nigrostriatal dopaminergic cell loss and initiated exercise 5 d after MPTP lesioning, when cell death is complete. Conversely, studies demonstrating a partial dopamine return have used milder lesioning regimens and have initiated treadmill running immediately (within 24 h) after lesioning, when the potential for exercise-induced downregulation of the DAT may influence both the amount of neurotoxin uptake and the degree of lesioning (Gainetdinov et al., 1997) . Unbiased stereological counting of midbrain dopaminergic neurons in our study indicates that exercise-induced downregulation of DAT appears independent of the number of surviving substantia nigral neurons.
Using immunohistochemical analysis, we observed that 28 d of intense exercise leads to the downregulation of both DAT (a protein responsible for uptake and clearance of dopamine from the extracellular space) and TH (an enzyme responsible for the rate-limiting step in dopamine biosynthesis) (Jackson-Lewis et al., 1995; Fisher et al., 2004) protein. This finding is supported by our previous work demonstrating suppression of both TH and DAT protein in MPTP plus exercise mice using both Western immunoblotting and immunohistochemical staining, two complementary techniques to examine protein expression levels and anatomical patterns of distribution (Burke et al., 1990; . To verify that this decrease of striatal DAT and TH protein was not because of exercise-induced nigrostriatal cell death, the number of midbrain dopaminergic neurons based on TH immunoreactivity were determined using unbiased stereological counting techniques. Comparison of the exercise and no exercise groups showed no significant differences in the total Sections were scanned and the relative optical density mean plus SEM for each group was determined. MPTP causes a significant decline in the level of expression of striatal TH and DAT protein compared with saline-treated mice, and the asterisk represents significance at p Ͻ 0.001. There is a significant interaction between exercise and MPTP, with a significant decrease in the MPTP plus exercise compared with the MPTP plus no exercise mice, and the hash mark represents significance at p Ͻ 0.05. number of midbrain dopaminergic neurons between either MPTP and MPTP plus exercise or saline and saline plus exercise mice, which indicated no additional cell death induced by exercise. This finding suggests that both DAT and TH proteins are downregulated by exercise in surviving midbrain dopaminergic neurons after MPTP lesioning. Downregulation of DAT may lead to increased synaptic availability and represent a compensatory effect of the dopaminergic system because of exercise in the injured state. Indeed, using fast-scan cyclic voltammetry analysis of the decay rate of the dopamine signal evoked by a single stimulus in striatal brain slices, we observed a slower dopamine decay rate in the MPTP plus exercise compared with the MPTP plus no exercise mice, possibly related to the decline in DAT. The increase in dopamine release seen in exercised mice could also reflect more diffusion of dopamine from synapses distant from the recording site when DAT is reduced (Cragg and Rice, 2004) . The exercise-induced increase in evoked dopamine release in the dorsolateral striatum together with a DAT-related lengthening of the dopamine signal may underlie one mechanism by which intense exercise facilitates normal motor circuitry because corticostriatal Figure 6 . Analysis of TH and DAT mRNA in midbrain nigrostriatal neurons. The relative expression of TH and DAT mRNA in midbrain dopaminergic neurons were determined using in situ hybridization histochemistry followed by grain counting of emulsion-dipped sections. Representative sections showing neurons for the determination of TH mRNA expression are shown in panels A (saline), B (saline plus exercise), C (MPTP), and D (MPTP plus exercise). The respective analysis of the data for either TH or DAT is shown in the graphs below each set of images. At least 120 neurons with grains were counted for each treatment group. MPTP lesioning caused a significant decrease in both TH and DAT transcript compared with the saline-treated groups, and the asterisk represents significance at p Ͻ 0.001. Statistical differences were seen between the saline and saline plus exercise groups for both the TH and DAT transcript, and the cross represents significance at p Ͻ 0.001. There were no significant differences in transcript expression between the MPTP and MPTP plus exercise groups. Representative sections showing neurons for determination of DAT mRNA expression are shown in E (saline), F (saline plus exercise), G (MPTP), and H (MPTP plus exercise). Error bars indicate SEM.
Figure 7.
Determination of SNpc dopaminergic cell number. Unbiased stereological counting of TH-ir neurons was performed in mice (n ϭ 3 per group) from all four groups at the end of the 28 d running regimen. MPTP lesioning resulted in an ϳ50% decline in SNpc dopaminergic neurons. There was no statistically significant difference between the saline and the saline plus exercise mice as well as no difference between the MPTP and MPTP plus exercise groups, indicating that there was no effect of exercise on the number of SNpc dopaminergic neurons. The asterisk represents significant difference from the saline group ( p Ͻ 0.0001).
synaptic plasticity, both LTD and LTP, is modulated by dopamine. In the dorsolateral striatum, the increased release and decreased decay of dopamine could play an important role in maintaining normal LTD (Calabresi et al., 1992; Smith et al., 2001; Akopian and Walsh, 2007) .
The expression of DAT and TH proteins, as well as the level of striatal dopamine, is closely linked. For example, DAT knock-out mice have been shown to express reduced striatal TH protein (Jaber et al., 1999) . Although the precise link between DAT and TH is unclear, it is speculated that the increased synaptic bioavailability of dopamine, through the downregulation of DAT, may lead to increased activation of the dopamine autoreceptor, leading to the downregulation of TH (Fauchey et al., 2000) . In support of our findings, studies with neuroimaging have shown rapid downregulation of DAT in patients with PD undergoing motor activity (walking) (Ouchi et al., 2001) . A similar downregulation of DAT with activity can be induced in young mice exposed to environmental enrichment and this can in fact prove neuroprotective against MPTP lesioning (Bezard et al., 2003) .
In our study, we used in situ hybridization histochemistry to examine the level of expression of mRNA transcripts of TH and DAT in surviving nigrostriatal dopaminergic neurons to determine whether alterations in transcription could account for exercise-induced suppression of striatal protein. We found a reduction in expression of TH and DAT mRNA in saline plus exercise compared with saline mice but not in MPTP plus exercise compared with MPTP mice. The effect of exercise on mRNA transcript expression may be dependent on the presence of a previous injury to the nigrostriatal dopaminergic neurons. MPTP can lead to reduction in TH mRNA expression in surviving midbrain neurons, and this may mask potential effects of exercise . Because exercise-induced changes in striatal protein cannot be accounted for by changes in transcript expression in surviving nigrostriatal dopaminergic neurons in MPTP mice, exercise may act through alternative mechanisms that influence TH and DAT rates of translation, axonal translocation, or turnover.
In conclusion, our results indicate that intensive treadmill exercise leads to improvement of motor performance in both MPTP and saline mice and this behavioral improvement is also observed in a related motor task. The beneficial effects of exercise may be because of alterations in dopaminergic neurotransmission, which may be different between the normal and injured basal ganglia. Exercise leads to compensatory changes in the MPTP-lesioned mouse resulting in increased synaptic dopamine availability through increased release, reduced uptake, and decrease in decay. In saline mice, exercise effects may be through elevated dopamine levels because of increased biosynthesis through increased TH activity. Currently, the molecular mechanism linking exercise and dopaminergic neurotransmission are unknown. However, reports in the literature suggest a role for neurotrophic factors, such as brain-derived neurotrophic factor, fibroblast growth factor, or glial-derived neurotrophic factor, which through activation of down-stream pathways, such as protein kinases, may influence synaptic plasticity and terminal neurotransmission (Gomez-Pinilla et al., 1997 Cohen et al., 2003) . The glutamatergic corticostriatal pathway may be another candidate system involved in exercise-related alterations in dopamine release, because it is known to be an important modulator of dopamine release in the striatum, and our previous work has shown alterations in the density of striatal glutamate immunolabeling in the MPTP plus exercise mice compared with sedentary MPTP-lesioned mice Fisher et al., 2004; Dietrich et al., 2005) . Overall, these results indicate that the recovery of motor behavior can in fact occur through novel compensatory mechanisms within the basal ganglia and that the mechanisms of this recovery may be different in the lesioned compared with the nonlesioned basal ganglia. These findings may be important in treating neurodegenerative disorders of the basal ganglia, including Parkinson's disease, in which the enhancement of neuroplasticity through exercise may lead to altered dopaminergic availability (release and uptake), which in turn may play a more critical role in maintaining normal synaptic connections than the restoration of absolute dopamine levels.
